The effects of hypoxic hypoxia on high-en ergy phosphate metabolites and intracellular pH (pH) in the brain of the anesthetized infant rabbit were studied in vivo using 31p nuclear magnetic resonance spectros copy. Five 10c to 16-day-old rabbits were anesthetized with 1.5% halothane. Ventilation was controlled to main tain normocarbia . Inspired 07 fraction was adjusted to produce three states of arterial oxygenation: hyperoxia (Pao2 > 250 mm Hg), normoxia (Pao2 �100 mm Hg), and hypoxia (Pao2 25-30 mm Hg). During hypoxia, blood pressure was kept within 20% of control values with a venous infusion of epinephrine. During hyperoxia, the phosphocreatine-to-ATP ratio was 0.86, a value that is 2-2.5 times less than that reported for adults. During nor-Neonates survive longer periods of anoxia than adults of the same species. Similarly, hypoxic ne onates sustain less central nervous system injury than adults (Dawes, 1968 ). This cannot be explained by a more efficient oxygen delivery system or ce rebrovascular response (Koehler et aI., 1984). It is possible that neonates have a better neurologic out come after oxygen deprivation because their cere bral energy stores are maintained more effectively than in adults. Duffy et al. (1975) used freeze extraction to mea sure cerebral phosphocreatine (PCr) and ATP in newborn and older rats and found that PCr levels were higher in the latter. They also found that global Abbreviations used: NMR, nuclear magnetic resonance; PCr, phosphocreatine; pHa' arterial blood pH; pHi' intracellular pH; PD, phosphodiesters; MP, phosphate monoesters. 512 moxia, ATP decreased by 20% and Pi increased by 90% from hyperoxia values. During 60 min of hypoxia, the concentrations of high-energy phosphate metabolites did not change, but intracellular and arterial blood pH (pH) decreased significantly. When hyperoxia was reestab lished, pHi returned to normal and pHa remained low. These results suggest that during periods of hypoxemia, the normotensive infant rabbit maintains intracellular concentrations of cerebral high-energy phosphates better than has been reported for adult animals. Key Words: Brain metabolism-Halothane anesthesia-Hypoxic hypoxia-Infant rabbit-In ViVO_31p nuclear magnetic resonance.
Summary:
The effects of hypoxic hypoxia on high-en ergy phosphate metabolites and intracellular pH (pH) in the brain of the anesthetized infant rabbit were studied in vivo using 31p nuclear magnetic resonance spectros copy. Five 10c to 16-day-old rabbits were anesthetized with 1.5% halothane. Ventilation was controlled to main tain normocarbia . Inspired 07 fraction was adjusted to produce three states of arterial oxygenation: hyperoxia (Pao2 > 250 mm Hg), normoxia (Pao2 �100 mm Hg), and hypoxia (Pao2 25-30 mm Hg). During hypoxia, blood pressure was kept within 20% of control values with a venous infusion of epinephrine. During hyperoxia, the phosphocreatine-to-ATP ratio was 0.86, a value that is 2-2.5 times less than that reported for adults. During nor-Neonates survive longer periods of anoxia than adults of the same species. Similarly, hypoxic ne onates sustain less central nervous system injury than adults (Dawes, 1968 ). This cannot be explained by a more efficient oxygen delivery system or ce rebrovascular response (Koehler et aI., 1984) . It is possible that neonates have a better neurologic out come after oxygen deprivation because their cere bral energy stores are maintained more effectively than in adults. Duffy et al. (1975) used freeze extraction to mea sure cerebral phosphocreatine (PCr) and ATP in newborn and older rats and found that PCr levels were higher in the latter. They also found that global moxia, ATP decreased by 20% and Pi increased by 90% from hyperoxia values. During 60 min of hypoxia, the concentrations of high-energy phosphate metabolites did not change, but intracellular and arterial blood pH (pH) decreased significantly. When hyperoxia was reestab lished, pHi returned to normal and pHa remained low. These results suggest that during periods of hypoxemia, the normotensive infant rabbit maintains intracellular concentrations of cerebral high-energy phosphates better than has been reported for adult animals. Key Words: Brain metabolism-Halothane anesthesia-Hypoxic hypoxia-Infant rabbit-In ViVO_31p nuclear magnetic resonance.
ischemia depleted ATP and PCr levels more rapidly in the brain of older animals. Norwood et al. (1979) used 31 p nuclear magnetic resonance (NMR) spec troscopy to study the perfused neonatal rat brain and found the PCr signal intensity to be approxi mately the same as the ATP signal intensity. The brain PCr/ATP ratio seen by 31 p NMR in normal human infants was also � 1.0 (Cady et aI., 1983) . Norwood et al. (1983) calculated the half-life of PCr in the ischemic brain to be 7.5 min in the neonate and 3.3 min in the adult, confirming the earlier work of Duffy et al. (1975) .
We have studied the effects of hypoxic hypoxia on cerebral intracellular phosphate metabolites and on intracellular pH (pH) in anesthetized normoten sive infant rabbits. This study, performed in vivo using 31 p NMR, shows that arterial oxygen tensions that provoke changes in intracellular phosphate me tabolite concentrations in the brain of the adult an imal do not produce these changes in the brain of the infant.
METHODS
Approval to do these studies was obtained from the local animal experimentation committee. Five New Zea land White rabbits (10-16 days old) were studied. An esthesia was induced with 4.0% halothane/OJ and then maintained with 1.5% halothane/O,. A tracheostomy was performed, and the lungs were mechanically ventilated (Harvard rodent ventilator) to maintain Paco2 at 30-40 mmHg. Catheters were placed in the femoral vessels to monitor arterial blood pressure and blood gases and to infuse drugs, blood, and maintenance fluids (4 mllkg/h 5% glucose in 0.5 M saline). Blood losses were replaced with equal volumes of sibling blood. Body temperature was maintained within the normal range (39 ± 1°C).
After surgery the rabbits were placed prone on a tem perature-controlled, water-jacketed cradle. A 14-mm sur face detection coil with a symmetrical balance-matched resonance circuit (Murphy-Boesch and Koretsky, 1983) was placed over the anterosuperior area of the rabbit's head and tuned to 95.9 MHz, the 31p resonance frequency for our spectrometer. Magnetic field homogeneity was optimized after the rabbit was placed in the spectrometer by changing the room temperature shim currents until the line width of the IH resonance of water was <85 Hz. NMR spectra were collected using a home-built spec trometer with a 5.6-tesla, 102-mm horizontal bore magnet (Nalorac Cryogenics) that includes a Nicolet Magnetics 1180 data system. Spectra were collected with a 1.0 re cycle time; 300 acquisitions were averaged. The total col lection time was 5 min/spectrum. To quantitate the me tabolite ratios, "fully relaxed" spectra, collected with a 12-s recycle time, were obtained by averaging 128 acqui sitions during hyperoxic conditions. The broad back ground due to bone and phospholipids was eliminated using selective saturation techniques (Gonzalez-Mendez et aI., 1984) .
31p spectra were collected throughout four study pe riods: hyperoxia (Pao2 >250 mm Hg)(control); normoxia Pao2 � 100 mm Hg); hypoxia (Pao2 25-30 mm Hg); and hyperoxia (Pao2 >250 mm Hg)(recovery). We made mea surements at fractions of inspired oxygen of 1.0 and 0.21 to determine whether ATP increased and Pi decreased in neonatal animals as they do in adults when the fraction is decreased to that of room air (Yuasa et aI., 1983) . Minute ventilation was adjusted to maintain Paco2 at 30-40 mm Hg. After control spectra were collected, nitrogen was added to the inspired gas to decrease Pao2 to the normoxic range. Spectra were collected for 15 min and then the rabbit was made hypoxemic (Pao2 25-30 mm Hg) by slowly increasing the concentration of nitrogen in the inspired gas. Arterial blood gases were measured every 20 min. To maintain adequate perfusion within all areas of the brain, mean arterial blood pressure was maintained within 20% of the control value with a venous infusion of epinephrine. Spectra were accumulated for 60 min and then the nitrogen was discontinued and the rabbit was ventilated with 100% oxygen. Data collection began im mediately and continued for 30 min.
To verify that the surface coil did not detect signals from scalp or muscle, spectra were collected from three rabbits whose scalp and surrounding muscle had been retracted, while the coil rested directly on the skull, and these spectra were compared with those obtained in the manner described above. The spectra were not different from each other. The surface coil was also used to obtain muscle spectra from the thigh of three rabbits. The chemical shift of the Pi resonance was measured relative to PCr in each spectrum, and used to calculate the brain pHi with the equation of Hoult et aI., (1974) : pH = 6.84 + log [(8 -3.22)/(5.73 -8)] where 8 = chemical shift in parts per million.
Numerical integration was used to calculate the signal intensity of each metabolite relative to the �-ATP signal, which was arbitrarily set at 100. Statistical analysis of the data was done using Student's t test and by analysis of variance and covariance with repeated measures; p < 0.05 was considered significant.
RESULTS
A typical fully relaxed 31 p brain spectrum from an anesthetized hyperoxemic infant rabbit is shown in Fig. IA . The most prominent features of the spectrum, when compared with the adult rabbit spectrum (Fig. IB) , are the low PCr signal intensity and the high phosphate monoesters (MP) signal in tensity. The PCr/ ATP ratio in the infant rabbit brain is lower than in the adult rabbit or rat brain by a factor of 2-2. 5, and the MP/ATP ratio is higher by a factor of 1.5-2 (Table 1 ). The PCr/Pi ratio is lower in the infant by a factor of two (Table 1) . During the first hyperoxic period (control), Pao2 was 363 ± 36 mm Hg, arterial blood pH (pH) was 7.52 ± 0.08, and pHi was 7.19 ± 0.03.
During the normoxic period, (Pao2 100 ± 36 mm Hg), the ATP intensity decreased by 20% and the Pi intensity increased by 90% from control values; pHi and pHa did not change (Fig. 2) .
After 60 min of hypoxia (Pao2 27 ± 4 mm Hg), ATP, PCr, Pi' and MP intensities were unchanged from values obtained during the normoxic period. The pHi decreased to 7. 01 ± 0.18, and the pHa decreased to 7.19 ± 0. 06 (Fig. 2) .
During the second hyperoxic period (recovery) (Pao2 322 ± 64 mm Hg), signal intensities of ATP, PCr, Pi' and MP remained the same as during the normoxic period. The pHi quickly returned to the control value, but pHa remained low.
The thigh muscle spectrum shown in Fig. IC , ob tained under the normoxic conditions, shows the features usually found in muscle, including a PCr/ ATP ratio of 4.15 ± 0. 30.
DISCUSSION
The PCr and ATP concentrations in the brain of neonatal rats have been measured by biochemical analysis from samples collected by freeze-blowing and liquid nitrogen immersion techniques. From the results of Duffy et al. (1975) , a PCr/ATP ratio of 0. 96 is obtained for the 7-day-old rat and of 1.07 for the I-day-old rat. These results were confirmed by NMR leg muscle spectrum, with a 12-s recycle time, using a 30-Hz line broadening. All spectra are referenced to methy lene diphosphonic acid in Na2B04 (pH 9.0). Miller and Shamban (1977) and Vannucci and Van nucci (1978) . The use of invasive techniques raises the concern that an underestimate of the PCr and ATP concentrations could result. Brain samples must be homogeneously frozen within a few sec onds and analyzed rapidly to prevent systematic er rors in the measurement of metabolites that can be produced by autolysis, anaerobic metabolism, and enzymatic degradation (Miller and Shamban, 1977) . NMR spectroscopy is a noninvasive technique that has been used for over a decade to study me tabolism in vivo (Shulman and Radda, 1984) . This technique is advantageous because repeated mea surements can be performed in the same animal, allowing the animal to serve as its own control;
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The 31 p NMR brain spectrum of the infant rabbit has two prominent features. The first is a PCr res onance intensity that is lower relative to ATP than has been reported in the brain of adult animals. Brain spectra from infant rats (Norwood et aI., 1983) and human infants (Cady et aI., 1983 ) also contain relatively low PCr resonance intensities. Using 31 p NMR, Norwood et al. (1983) obtained a PCrl ATP ratio of 1. 17 in the awake neonatal rat. Our PCr/ATP ratio of 0.86 in the infant rabbit brain is in agreement with their value. PCr/ATP ratios that have been measured in adult animals include 2.34 in the adult rat (Table 1 ), 1.9 in the adult rabbit (Table 1) , and 1.55 in the adult rat (Norwood et aI., 1983) . These values are approximately twice those reported for infant mammals.
The PCr/Pi ratio in the infant rabbit is 2.26, sim ilar to the value of 1.7 measured by Cady et al. (1983) in human infants and less than that measured by L. Litt et al. (unpublished observation) in adult rats ( Table 1 ). The P/ATP ratio in the infant rabbit brain of 0.38 is not significantly different from the values in adult rats and rabbits of 0.6 ( Table 1) . Since both PCr/Pi and PCrl ATP are lower in the infant than in the adult brain, but the ratio of P/ ATP is similar, we conclude that the concentration of PCr is lower in the infant than in the adult brain.
In contrast, the muscle spectrum from the infant rabbit contains the characteristic metabolite con centrations found in various species of adult muscle. The PCr/ATP ratio is 4.15, similar to that reported in adult muscle (Shulman and Radda, 1984) . These results suggest that the lower PCr con centration in the brain of the infant compared with the adult is a difference in metabolite profiles that is specific to brain tissue.
The other salient feature of the infant brain spec trum is the high MP resonance intensity (Fig. lA ) . This has also been reported for the neonatal rat (Norwood et aI., 1983) , beagle puppy (Bolinger et aI., 1984) , and human infant (Cady et aI., 1983) , and is not seen in the adult rat or rabbit (Table 1; 1.90 ± 0.15 0.61 ± 0.12
Values are mean ± SD. IA,B). This resonance is an envelope of the reso nances of several compounds (Glonek et aI., 1982) . The major component of this region has recently been identified as phosphorylethanolamine in the beagle puppy brain (Bolinger et aI., 1984) .
During the normoxic period the rabbit brain con tained 20% less ATP and 90% more Pi than during the hyperoxic period. The total phosphate pool re mained the same; i.e., the net intensity loss in the ATP signal was equal to the net intensity increase in the Pi signal (Fig. 2) . This decrease in the ATP signal intensity was the only statistically significant difference between metabolite concentrations present in the rabbit brain during the four states of arterial oxygenation (p < 0.05). This result is con sistent with the report by Yuasa et al. (1983) . They found that cerebral ATP increased and Pi decreased if the inspired oxygen concentration of adult rats anesthetized with halothane was decreased to 1.0 from 0.21.
Metabolite levels during the hypoxic period (Pao Z 25-30 mm Hg) were not significantly different from those during the normoxic period (Fig. 2) , although the pHa and pHi decreased by 0.3 and 0.2 unit, re spectively, indicating increased glycolytic activity and systemic lactic acidosis. These results differ from those obtained from hypoxemic adult rats by 31p NMR (L. Litt et aI., unpublished observation) or by biochemical analyses (Siesjo, 1978) . Hypox-emic adult rats have a large decrease in cerebral PCr and a concomitant increase in cerebral Pi' A low cerebral PCr concentration has been mea sured in four species of infant (or neonatal) mam mals, suggesting that this is a characteristic common to neonatal mammals. This is interesting considering that the major energy reservoir in the adult brain is PCr through the creatine kinase reac tion (Siesjo, 1984) , and in the neonatal rat this reac tion has a rate that is six times slower than in the adult (Norwood et aI., 1983) . Based on these find ings, we speculate that mammalian infants use an energy reservoir other than PCr to maintain cere bral energy supplies, or have a hitherto unrecog nized mechanism for decreasing cerebral metabolic activity when hypoxic. Both possibilities are now under investigation.
We conclude that during hypoxic hypoxia infant rabbits maintain their cerebral phosphate metabo lite concentrations better than adults despite their lower stores of PCr and that cerebral metabolic sta bility exists in the infant during periods of hypoxia that produce instability in adults.
